Introduction {#sec1}
============

In late December 2019, an unknown pneumonia-like disease linked to a novel coronavirus was first identified. The disease, now named Coronavirus Disease 2019 (COVID-19), was found to be caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).[@bib1] By 27--28 February 2020, the virus had caused more than 82 000 infections and 2 800 deaths[@bib2] and had spread to more than 50 countries.[@bib3] By 11 March 2020, global infections reached 118 000, with 4 291 deaths across 114 countries, prompting the World Health Organization (WHO) Chief, Tedros Adhanom Ghebreyesus, to declare COVID-19 a global pandemic. As of 30 April 2020, infections reached 3 090 445, including 217 769 deaths.[@bib4] These figures highlight the worrisome speed with which this outbreak has spread.

Many SARS-related coronaviruses (SARSr-CoVs) have been identified in bats, which are considered natural reservoir hosts.[@bib5], [@bib6], [@bib7], [@bib8] Accumulating evidence has shown that the genomic sequence of SARS-CoV-2 is similar to that of SARS-CoV and thus belongs to the SARSr-CoV family. At the whole-genome level, the new virus shares about 96% identity to a known bat coronavirus (BatCoV RaTG13).[@bib9] Furthermore, SARS-CoV-2 uses the same cell entry receptor as SARS-CoV via angiotensin-converting enzyme II (ACE2),[@bib1] ^,^ [@bib9] which is associated with the spread of SARS-CoV-2 among the human population.[@bib10] In SARS-CoV infection, the surface spike glycoprotein (S protein) mediates receptor recognition with ACE2 and membrane fusion conformation to facilitate entry of the virus into the host cell.[@bib11] ^,^ [@bib12]

The rapid spread of COVID-19, which has led to a global pandemic, has placed public health systems under severe pressure. According to prospective research on infected patients, scientists have found that patients infected with COVID-19 had high amounts of proinflammatory cytokines (IL1B, IFNγ, IP10, and MCP1), probably leading to the responses of activated T-helper-1 (Th1) cells.[@bib13] However, the pathogenic mechanism of the disease and reason for its rapid spread remain unclear. Haplotype analyses based on genome variations have also demonstrated viral genome divergence among strains from different regions and countries.[@bib14] In addition, a group of 27 public health scientists have strongly condemned the rumors that SARS-CoV-2 is not of natural origin.[@bib15] Like other coronaviruses, SARS-CoV-2 appears to accumulate, on average, one or two mutations per month.[@bib16] Thus, identifying variations in strains from different regions is a key factor for understanding the pathogenic mechanisms of this disease.

In this study, we explored the genomes of 489 SARS-CoV-2 strains derived from 88 regions in 32 countries between December 2019 and March 2020 via the Nextstrain database of viral genomes.[@bib17] ^,^ [@bib18] We found that Clades A2 and A2a in the downloaded phylogenetic tree contained strains mostly from Europe and several South American countries. Further analysis demonstrated that amino acid variation of the S protein at 614 (QHD43416.1: p.614D\>G), i.e., substitution of glutamic acid (D) with glycine (G) in the mutant protein, was found in strains within Clades A2 and A2a. Furthermore, we used computational methods based on evolutionary principles to predict the effect of such variation on protein function. These results provide important insights into amino acid variation of the S protein at site 614 in SARS-CoV-2, hinting at potential viral genome divergence in SARS-CoV-2 strains.

Materials and methods {#sec2}
=====================

Phylogenetic tree of SARS-CoV-2 in Nextstrain {#sec2.1}
---------------------------------------------

The phylogenetic tree of SARS-CoV-2 was performed in Nextstrain (<https://nextstrain.org/ncov>),[@bib17] ^,^ [@bib18] using the parameter with clade, countries, and genotype of surface spike glycoprotein (S protein) at site 614 with default settings, to identify the genomic epidemiology of COIVD-19. SARS-CoV-2 was defined as "Novel coronavirus (2019-nCoV)" in the dataset, which included 489 SARS-CoV-2 genomes from 88 regions of 32 countries between December 2019 and March 2020.

The world map of the SARS-CoV-2 {#sec2.2}
-------------------------------

The world map of the SARS-CoV-2 relating clade was performed in Nextstrain (<https://nextstrain.org/ncov>).[@bib17] ^,^ [@bib18] Geographic resolution used division as a parameter. The map, pie chart, and transmissions were saved with default settings.

Surface spike glycoprotein (S protein) amino acid sequence {#sec2.3}
----------------------------------------------------------

Surface spike glycoprotein (S protein) amino acid sequence of SARS-CoV-2 was downloaded from NCBI (<https://www.ncbi.nlm.nih.gov/protein/QHD43416.1>), with accession MN908947.3, 1273 aa.[@bib19] The amino acid variation of S protein at site 614, with QHD43416.1: p.614D\>G. In the gene of spike glycoprotein at c.1841 with gene-S: c.1841gAt \> gGt.

Predicting coding nonsynonymous variation effect on protein function {#sec2.4}
--------------------------------------------------------------------

The variation of S protein at 614 (QHD43416.1: p.614D\>G) was predicted to affect S protein function via PROVEAN (v1.1) (<http://provean.jcvi.org/index.php>)[@bib20] ^,^ [@bib21] and PolyPhen-2 (<http://genetics.bwh.harvard.edu/pph2/index.shtml>).[@bib22] The sequence of QHD43416.1 and the amino acid variation site 614 were used in Protein Variation Effect Analyzer (PROVEAN (v1.1)) with the default threshold: 2.5. The words "does not affect," and "does not reduce" were classified as a neutral effect. PolyPhen-2 also used the sequence of QHD43416.1 and p.614D\>G site information. The closer the score is to 1.0, the greater the effect on protein function, and the closer the score is to 0, the smaller the effect on protein function. The human divergence (HumDiv) dataset is a preferred model for evaluating rare alleles, mapping dense regions, and analyzing natural selection. The human variation (HumVar) dataset is a preferred model for diagnosis of Mendelian disease, including many mildly deleterious alleles.

Homology modeling of S protein {#sec2.5}
------------------------------

Homology modeling of the S protein (QHD43416.1) and the variation of S protein (QHD43416.1: p.614D\>G) were built in SWISS-MODEL Server (<https://swissmodel.expasy.org/interactive>).[@bib23] ^,^ [@bib24] The only different sequence between the two proteins was the site 614, from glutamic acid (D) to glycine (G). The input format was FASTA that was downloaded from NCBI.

Protein modeling estimate {#sec2.6}
-------------------------

Homology modeling protein of S protein (QHD43416.1) and the variation of S protein (QHD43416.1: p.614D\>G) of SARS-CoV-2 were estimated via SWISS-MODEL Server (22, 23) (<https://swissmodel.expasy.org/interactive>). Sequence identities with surface glycoprotein were 99.26% and 99.17%, respectively. The comparison included local quality estimate (LQE) and global quality estimate (GQE) via QMEAN. The LQE represented ensemble information from all template structures found.

Protein structural visualization {#sec2.7}
--------------------------------

Protein structural visualization was performed in SWISS-MODEL Server via NGL (WebGL), implementing using PV (<https://biasmv.github.io/pv/>), an interactive WebGL viewer based on 3D protein structure. Protein three-dimensional structure displayed with Spacefill. Model-template alignment used 3 model protein and query (QHD43416.1 or QHD43416.1: p.614D\>G). p.614D\>G was zoomed in the visualization of the web server.

Statistical analysis {#sec2.8}
--------------------

Data were presented as the number of infections in age 1--20, 21--60, \>60; mean age of country or Clade A2a; the number of females or males. Results were calculated by GraphPad Prism 6 (version 6.02) software and interpreted by the Mann--Whitney U test or Kruskal--Wallis test as indicated in the legends. Bold *P* values indicate *P* \< 0.05.

Results {#sec3}
=======

Different SARS-CoV-2 clades among countries in phylogenetic tree {#sec3.1}
----------------------------------------------------------------

A phylogenetic tree of nucleotide sequences can be used to compare genome divergence and similarity among viruses.[@bib19] ^,^ [@bib25] ^,^ [@bib26] Here, we performed phylogenetic tree analysis based on the consolidation of 489 genomes of SARS-CoV-2 strains sampled from 88 regions of 32 countries between December 2019 and March 2020 from the Nextstrain database ([Fig. 1](#fig1){ref-type="fig"} A). Results showed that the genomes of strains from mainland China were mostly distributed in Clade B and Clade undefined in the phylogenetic tree, with only 3.47% (5/144) found in Clade A. In addition, Clades A2 (one case) and A2a (112 cases) contained no cases from mainland China. In these clades, all cases came from 16 regions, mainly the Netherlands (65 cases), Switzerland (13 cases), and UK (13 cases), with only one case reported from Taiwan ([Table 1](#tbl1){ref-type="table"} ).Figure 1Different SARS-CoV-2 clades among countries in phylogenetic tree. (A) Phylogenetic tree of 489 SARS-CoV-2 genomes from Nextstrain, the cases were colored by countries. Branch labels were clades. **(B)** Clade Distribution of 489 SARS-CoV-2 genomes in world map from Nextstrain. Color by clades.Figure 1Table 1Epidemiology characteristics of countries in Clades A2 and A2a.Table 1CountriesCases in A2/A2aMean ageFemale numberMale numberTotal casesPercent in A2/Aa2Netherlands65nanana10760.74%Switzerland1333.312111492.86%United Kingdom1346.27473339.39%Ireland428.522580.00%Finland34112650.00%Germany3nana11520.00%Italy23811450.00%Portugal246.5022100.0%Brazil16101250.00%Spain15601250.00%Luxembourg1nanana1100.0%Mexico135011100.0%Nigeria1na011100.0%Czech Republic144011100.0%Chile1401na425.00%Taiwan16610714.29%

Furthermore, Clades A2 and A2a differed from mainland China in regard to age of infected population (*P* = 0.0071, mean age 40.24 to 46.66), which was also observed between the UK and China (*P* = 0.0102, mean age 46.17 to 46.66). However, this difference was not found between the US and China or between Switzerland and China ([Table 2](#tbl2){ref-type="table"} ). In addition, based on the map of infection clades worldwide ([Fig. 1](#fig1){ref-type="fig"}B), genomes from mainland China strains were mostly found in Clades B, B1, and B2, which differed from the clades containing strains from Europe and several South American countries.Table 2Epidemiology characteristics of China, Clade A2a, UK, Switzerland, USA.Table 2Countries/CladeCharacteristicsChinaA2aUKSwitzerlandUSAAge 1-2082000 21-606336271315 \>60272212 Mean age46.6640.2446.1733.2949.06 P value**0.00710.0102**0.09740.1324Sex Female401213311 Male693016118 P value0.34630.42390.25940.0816[^1]

Amino acid variation of S protein at site 614 in Clade A2 and A2a SARS-Cov-2 strains {#sec3.2}
------------------------------------------------------------------------------------

It is now known that SARS-CoV-2 uses the same cell entry receptor as SARS-CoV, i.e., in infection, the S protein mediates receptor recognition with ACE2 and membrane fusion conformation to facilitate virus entry into the host cell.[@bib1] ^,^ [@bib9] Thus, the S protein in SARS-CoV is a target for the development of vaccines.[@bib27] Here, we performed phylogenetic tree analysis by genotyping the S protein in SARS-CoV-2 strains. We found amino acid variation of the S protein at site 614 (i.e., substitution of glutamic acid (D) with glycine (G) (QHD43416.1: p.614D\>G)) in strains from Clades A2 and A2a ([Fig. 2](#fig2){ref-type="fig"} A and B). Further analysis showed that diversity between the S protein and mutant S protein at site 614 (i.e., genome sequence from 23 402 to 23 404) was 0.598% ([Fig. 2](#fig2){ref-type="fig"}C). We also found other amino acid variations in the S protein of SARS-CoV-2 strains, including at site 49 (p.49H \> Y) and 1044 (p.1044G). However, the frequency of these variations was low ([Fig. 2](#fig2){ref-type="fig"}C), and the strains were sporadically reported in different regions. Based on whole-genome sequence data of SARS-CoV-2 strains, the amino acid variation of the S protein at site 614 was not found in the strains from the B and undefined clades.Figure 2Amino acid variation of S protein at site 614 in Clade A2 and A2a SARS-Cov-2 strains. (A) Radial phylogenetic tree of 489 SARS-CoV-2 from Nextstrain, the cases were colored by the amino acid of S protein at site 614. Green: glutamic acid (D), yellow: glycine (G). Branch labels were clades. **(B)** Rectangular phylogenetic tree of 489 SARS-CoV-2 from Nextstrain, the cases were colored by the amino acid of S protein at site 614. Green: glutamic acid (D), yellow: glycine (G). Branch labels were the amino acid variation of SARS-Cov-2 proteins. **(C)** Diversity of S protein of SARS-Cov-2.Figure 2

Variation in S protein at site 614 does not affect protein function {#sec3.3}
-------------------------------------------------------------------

Nonsynonymous mutations contribute to phenotypic differences in the human population, as well as susceptibility to genetic diseases[@bib28] and functional diversity of proteins.[@bib29] Here, we applied computational methods based on evolutionary principles to predict the effect of S protein variation on its function. Using PROVEAN v1.1 (Protein Variation Effect Analyzer),[@bib20] ^,^ [@bib21] we obtained a PROVEAN score of 0.215 ([Supplementary Table 1](#appsec1){ref-type="sec"}), with 758 supporting sequences for prediction ([Supplementary Table 2](#appsec1){ref-type="sec"}). Results predicted that variation of the S protein at 614 would have a neutral effect on protein function. We also employed PolyPhen-2 ^22^ to annotate coding nonsynonymous variation. Results predicted that variation of the S protein at 614 would have a benign effect on protein function, with scores of 0.004 (sensitivity: 0.97; specificity: 0.59) and 0.012 (sensitivity: 0.96; specificity: 0.52) ([Fig. 3](#fig3){ref-type="fig"} A and B and [Supplementary Table 3](#appsec1){ref-type="sec"}). These results demonstrate that variation of the S protein at 614 was not predicted to affect protein function.Figure 3Variation in S protein at site 614 does not affect protein function. (A) Prediction results of the variation of S protein at 614. **(B)** Part multiple sequence alignment results, amino acids surrounding the variation position (614) were shown.Figure 3

Protein modeling estimate of QHD43416.1 and QHD43416.1: p.614D\>G {#sec3.4}
-----------------------------------------------------------------

We modeled the S protein (QHD43416.1) and mutant S protein (QHD43416.1: p.614D\>G) using SWISS-MODEL,[@bib23] ^,^ [@bib24] speculating on the quality estimates of the two proteins. Amino acid variation was found at site 614, i.e., substitution of glutamic acid (D) with glycine (G) ([Fig. 4](#fig4){ref-type="fig"} A). After modeling, the sequence identities of the surface glycoproteins were 99.26% and 99.17%, respectively.Figure 4Protein modeling estimate of QHD43416.1 and QHD43416.1: p.614D \> G. (A) Amino acids of QHD43416.1 and QHD43416.1: p.614D \> G surrounding the site 614. **(B)** Protein modeling estimate results of QHD43416.1 and QHD43416.1: p.614D \> G from SWISS-MODEL Server.Figure 4

SWISS-MODEL relies on the QMEAN scoring system.[@bib30] Here, the QMEAN values of the two proteins were −2,65 and −2.68; Cβ scores were −1.05 and −1.14; all-atom scores were −1.72 and −1.69; solvation scores were −1.11 and −1.22; and torsion scores were −2.02 and −1.99, respectively. However, local quality of the two proteins was similar ([Fig. 4](#fig4){ref-type="fig"}B).

Three-dimensional (3D) protein structure models of QHD43416.1 and QHD43416.1: p.614D\>G {#sec3.5}
---------------------------------------------------------------------------------------

The 3D structure of a protein determines protein function and is uniquely established by the specificity of amino acid sequences.[@bib31] Here, we used SWISS-MODEL[@bib23] ^,^ [@bib24] to predict the 3D protein structures of the S protein (QHD43416.1) and mutant S protein (QHD43416.1: p.614D\>G) ([Fig. 5](#fig5){ref-type="fig"} A). In addition, we focused on site 614 of QHD43416.1 and QHD43416.1: p.614D\>G ([Fig. 5](#fig5){ref-type="fig"}B). Importantly, glutamic acid (D) and glycine (G), marked in red in the two models, were in different positions of the 3D protein structure models.Figure 5Three-dimensional (3D) protein structure models of QHD43416.1 and QHD43416.1: p.614D \> G. (A) 3D protein structure of QHD43416.1 and QHD43416.1: p.614D \> G performed by SWISS-MODEL Server. **(B)** The zooming-in region of site 614 of QHD43416.1 and QHD43416.1: p.614D \> G performed by SWISS-MODEL Server.Figure 5

Discussion {#sec4}
==========

Due to continued growing number of infections regarding COVID-19, a pneumonia-like disease associated with SARS-CoV-2, the WHO declared the disease a public health emergency of international concern on 30 January 2020 and a global pandemic on 11 March 2020. Based on the genomic characterization of SARS-CoV-2 strains from 30 SARS-CoV-2 sequences, the disease outbreak was determined to have begun in mid-November 2019, and the genomes of strains provided clues about the viral diversity.[@bib32] Thus, identifying variations in strains from different regions is a key factor for understanding the pathogenic mechanisms of this disease. By examining 489 SARS-CoV-2 genomes obtained from 32 countries sampled between December 2019 and March 2020 from the Nextstrain phylogenetic tree, we found that strains from mainland China were mostly distributed in Clade B and Clade undefined, and differed from strains in Clades A2 and A2a. Phylogenetic analysis allows researchers to compare the genome divergence between viral strains. For example, studies on human immunodeficiency virus (HIV) evolution and replication in human cells identified a simian immunodeficiency virus (SIV) strain from chimpanzees (*Pan t. troglodytes*) as the progenitor of HIV-1.[@bib33] Recently, via phylogenetic network analysis of SARS-Cov-2 and bat coronavirus genomes, Forster et al[@bib34] identified three different types of virus (A, B, and C). Consistent with our findings, they stated that types A and C were only found outside East Asia, i.e., Europe and America, whereas type B was the most common type in East Asia. In addition, we found that 90% of patients with COVID-19 in China are aged over 20, consistent with that reported by the Chinese Center for Disease Control and Prevention.[@bib2] As various studies have found an association between age and disease severity, reflecting the physiological and social changes of aging patients,[@bib13] ^,^ [@bib34], [@bib35], [@bib36] greater attention should be paid to aging patients infected with different types of SARS-CoV-2 variants.

It has been confirmed that SARS-CoV-2 uses the same cell entry receptor as SARS-CoV, i.e., via ACE2.[@bib1] ^,^ [@bib9] Specifically, the S protein of SARS-CoV-2 mediates receptor recognition of ACE2 and membrane fusion conformation in viral infection.[@bib9] Thus, the S protein of SARS-CoV is a target for the development of vaccines.[@bib27] We found that amino acid variation of the S protein at site 614 in SARS-Cov-2 (QHD43416.1: p.614D\>G) contributed to Clades A2 and A2a. However, the virus strains in mainland China were not associated with this variation. In addition, using computational methods based on evolutionary principles to predict the effects of such variation on S protein function, we only identified natural or benign effects on function, with "does not affect," and "does not reduce" classified as neutral effects.[@bib20] However, protein modeling[@bib23] of the two proteins showed different scores in Cβ interaction, all-atom interaction, solvation, and torsion, thus highlighting different characteristics of the two proteins.[@bib38], [@bib39], [@bib40] It has been reported that increased synonymous substitution rates of S proteins are caused by higher mutation rates.[@bib41] In addition, the 3D structure of the proteins indicates that the S protein of SARS-CoV-2 shows higher binding affinity than SARS-CoV to ACE2.[@bib12] Therefore, we believe that the mutant S protein with amino acid variation at site 614 more likely contributes to viral infection; however, this requires further examination.

It should be noted, however, that we only explored differences in the phylogenetic tree and some epidemiological characteristics between mainland China and Clades A2 and A2a, and we do not know whether the variant was due to virus evolution or virus mutation. Indeed, although SARS-CoV-2, SARS-CoV, and MERS-CoV are naturally hosted in bats,[@bib41] the specific transmission pathway from bats to humans remains to be determined. In addition, although the mutant S protein was predicted to have a neutral effect on protein function, different quality scores and 3D structures from the S protein were found, and thus different specificity of virus infection should be further analyzed. Furthermore, the analyzed SARS-CoV-2 strains from European regions were not ideally distributed, as a large cohort of cases were from the Netherlands, with two global hotspots, i.e., Italy and Spain, only accounting for a total of six cases. One reason may be that there were fewer infections in Italy and Spain in early March. As such, we re-explored the phylogenetic tree results in Nextstrain, and found that of the 37 and 149 cases in Italy and Spain, 35 (94.60%) and 72 (48.32%), respectively, were found in Clades A2 and A2a ([Supplementary Figure 1](#appsec1){ref-type="sec"}), thus supporting our previous findings.

In summary, we found different genomic epidemiology among SARS-CoV-2 strains from mainland China in Clade B and Clade undefined and European strains in Clades A2 and A2a, specifically amino acid variation in the S protein at site 614 (QHD43416.1: p.614D\>G). These results hint at potential viral genome divergence in SARS-CoV-2 strains.
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[^1]: The epidemiology characteristics of A2a clade, UK, Switzerland, and USA were compared with those of China. *P*-value was calculated by the Mann--Whitney U test or Kruskal--Wallis test. Bold *P* values indicate *P* \< 0.05. na: not applicable, meant the missing data.
